When the mechanisms by which hormones acutely stimulate hepatic gluconeogenesis began to be studied intensely about 20 years ago, the earliest hypotheses of action centred on the mitochondria1 segment of the gluconeogenic pathway. It was proposed that hormones may accelerate the pyruvate carboxylase reaction by an activation of the carboxylase enzyme through an increase in intramitochondrial acetyl coenzyme A o r by a decrease in mitochondrial Ca". Considerable research has continued on the control of gluconeogenesis at the level of the mitochondria. Much of this has involved treatment of the intact organism (generally the rat) with hormones or treatment of hepatocyte preparations with hormones followed by isolation of mitochondria and study of these organelles in v i m . A number of mitochondrial functions have been found t o be appreciably stimulated in hepatic mitochondria isolated after hormone treatment, perhaps most notably pyruvate carboxylation and oxidative phosphorylation. The stimulation of enhanced mitochondrial activities is evident 3--4min after hormone treatment and is sensitive t o the same concentrations of hormones that activate gluconeogenesis. Furthermore, after treatment of hepatocytes with hormones, stimulation of pyruvate carboxylation is demonstrable in the cells permeabilized by filipin (Allen et al., 1983) . The effects of hormone treatment on mitochondrial function are also demonstrable in crude homogenates of treated liver (Jensen et al., 1983).
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In spite of these observations, this type of experiment cannot provide entirely convincing evidence that the effects found in isolated mitochondria accurately reflect the events occurring in intact cells, and in recent years there have been several papers in the literature questioning the physiological relevance of studies of mitochondria isolated subsequent t o hormone treatment. Siess et al. (1981) suggested that some or all of the effects found in mitochondria may be artefacts of their preparation. LaNoue and her colleagues reported they were able t o demonstrate neither increases in 'maximal' rates of respiration of hepatocytes treated with glucagon nor evidence of an increased ApH across mitochondria1 membranes in situ (LaNoue) et al., 1984; Strzelecki et al., 1984) . Finally, Groen et al. (1983) concluded from a study with perifused rat hepatocytes that the stimulation of gluconeogenesis by glucagon can be accounted for almost entirely by inhibition of flux through the pyruvate kmase reaction and that glucagon causes little or n o stimulation of carboxylation of pyruvate.
Abbreviations used: JPK flux through pyruvate kinase; J G~~~ net flux to glucose; Jpc flux through pyruvate carboxylase.
The conclusions of Groen et al. (1983) contradict those of Rognstad & Katz (1977) , who studied the stimulation of gluconeogenesis in rat hepatocytes by glucagon and adrenaline and concluded that inhibition of pyruvate kinase by the hormones accounted for only a very small part of their stimulation of gluconeogenesis.
The existence of these conflicts in the literature indicates a need for developing a quantitative definition of the role played by hormones at different points in the gluconeogenic pathway. The reactions of gluconeogenesis that are currently considered the most likely candidates for the site of control are the pyruvate carboxylase reaction, occurring intramitochondrially, and the pyruvate kinase reaction, which is cytosolic. Although the fructose 6-phosphate/fructose 1,6-bisphosphate cycle is regulated by fructose 2,6-bisphosphate, which is itself affected by hormones via cyclic AMP, it is now probably ruled out as a serious contender as a locus of hormonal control of gluconeogenesis by the finding that glucagon can stimulate synthesis of glucose from lactate/pyruvate without decreasing fructose/2,6-bisphosphate (Hue & Bartrons, 1984) .
We have begun studies intended t o provide quantitative assessments of the contributions that enhancement of pyruvate carboxylation and inhibition of pyruvate kinase make t o the stimulation of glucose formation elicited by different types of hormones under various conditions. The present paper presents the results from some of the early experiments of this project.
The major approach we have used, so far, is t o determine the effect of hormones on the rate of flux through the pyruvate kinase reaction during glucose synthesis from pyruvate by hepatocytes prepared from fasted rats. Any hormone-produced decrement in the flux through pyruvate kinase (AJpK) is compared with the increment in glucose formation ( A J G~~~) , multiplied by 2 t o express it in threecarbon units as is AJpK. The AJp, produced by hormones is a measure of the effect of hormones on that reaction; whether the effect is the direct result of increased phosphorylation of the enzyme or secondary t o other events is unimportant for this analysis. The difference between ~(AJG~,,) and AJp, is assumed t o represent stimulation of pyruvate carboxylation.
We have estimated AJpK by two techniques: the 'curve subtraction' approach of Groen et al. (1 983) , as modified for conventional hepatocyte incubations by Dr. Frank Sistare in my laboratory, and the isotope-distribution method of Rognstad (1975) . As anticipated, we have found contradictory results with these two procedures.
In experiments of Dr. Sistare, in which he used very small concentrations of hepatocytes t o control and maintain substrate concentrations during the period of study, the effect of hormones was found t o be dependent 655 Analyses using the Rognstad approach have also been made in two groups of experiments using either hepatocytes at 10mg of protein/ml or at 1.5mg of protein/ml. Results from a representative experiment from each type are displayed in Table 1 . It can be noted that, in the experiments with high concentrations of cells, the estimated JpK relative to JGluc ranged from about 7 to 15% while in the experiment with cells at 1.5 mg/ml, these fractions were estimated to be 72% in the control and 26% for cells treated with cyclic AMP. The partition factor that corrects JPK for loss of label from pyruvate has not been satisfactorily determined for experiments using 1.5 mg of cells/ml, and may be larger than 2. Therefore values O f J p K may actually be underestimated. Nevertheless, crude estimates of JpK/JGluc obtained from the ['"CIpyru~ate/['~C]glucose ratio and unaffected by the partition factor can be seen to be considerably greater than those found with higher concentrations of cells. The main conclusion from these and other experiments of this type is that in experiments with cells at 10mg/ml, JpK is quite small relative to JGluc, and AJp, produced by cyclic AMP and phenylephrine accounts for less than 10% of their effects on AJGiUc. Furthermore, although technically less satisfactory, experiments with small concentrations of hepatocytes suggest that for some reason, these cells have a larger JPK relative to JGluc, and in the cells with cyclic AMP, AJpK accounted for about 6% of the stimulation production by the nucleotide.
The opposing conclusions drawn using the 'curve subtraction' and the isotope-distribution techniques, as well as the quantitatively different results in isotopedistribution studies between experiments utilizing high and low concentrations of cells may result from several possible causes. Our current working hypothesis is that differences in the cytosolic pyridine nucleotide redox potentials in the cells studied under the conditions of the various experiments account for the divergent results.
In the experiments of Groen el al. (1983) a lactate/pyruvate ratio of 10 was maintained. In our experiments using Sistare's adaptation of the 'curve subtraction' approach of Groen and his colleagues, the lactate/pyruvate ratios were 6-7. In our experiments with cells at 10mg/ml, the original lactate and pyruvate concentrations of 20 and 4 mM moved to a ratio of between 17 and 20 at the time the isotope distribution was studied. In cells at 1.5 mg/ml, the original lactate and pyruvate concentrations of 3 and 0.3mM moved to ratios of 5-7 at the time of the actual experiment. It presently appears, therefore, that at very high lactate/pyruvate ratios, JpK is small relative to &Iuc, and AJpK is a minor component of the action of hormones in stimulating gluconeogenesis. At low lactate/pyruvate ratios, in contrast, there is a considerably larger JpK relative to JGluc; AJp, is important in the action of hormones, and AJpc, the mitochondria1 component, is minor. In retrospect, the studies of Rognstad (1975) using pyruvate only or lactate only (Rognstad & Katz, 1977) as substrates for hepatocytes showed the importance of the nucleotide potential in determining JpK. At high lactate/pyruvate ratios, and therefore high nucleotide potentials, the steady-state equilibrium of the glyceraldehyde-3-phosphate dehydrogenase reaction is shifted toward glyceraldehyde 3-phosphate and away from 1,3-diphosphoglycerate and 3-phosphoglycerate. Equilibria of the two preceding reactions also shift forward leading to a decline in the concentration of phosphoenolpyruvate. This, then, decreases the rate of the pyruvate kinase reaction. Another effect of the high cytosolic pyridine nucleotide redox potential is to shift the cytosolic malate dehydrogenase reaction away from oxalacetate and thereby decrease its concentration. This may lower oxalacetate to such an extent that it falls on the steep portion of the substrate velocity curve for phosphoenolpyruvate carboxykinase. In this situation, a stimulation of pyruvate carboxylation and therefore increased phospheolpyruvate formation and an acceleration of JGluc may become more evident.
